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ABSTRACT
Aims. Large amplitude narrowband obliquely propagating whistler-mode waves at frequencies of ∼0.2 fce(electron cyclotron fre-
quency) are commonly observed at 1 AU, and are most consistent with the whistler heat flux fan instability. We want to determine
whether similar whistler-mode waves occur inside 0.2 AU, and how their properties compare to those at 1 AU.
Methods. We utilize the waveform capture data from the Parker Solar Probe Fields instrument to develop a data base of narrowband
whistler waves. The SWEAP instrument, in conjunction with the quasi-thermal noise measurement from Fields, provides the electron
heat flux, beta, and other electron parameters.
Results. Parker Solar Probe observations inside ∼0.2 AU show that the waves are more intermittent, than at 1 AU, and are often
interspersed with electrostatic whistler/Bernstein waves at higher frequencies. This is likely due to the more variable solar wind
observed closer to the Sun. The whistlers usually occur within regions when the magnetic field is more variable and with faster solar
wind. The near-sun whistler-mode waves are also narrowband, large amplitude and often obliquely propagating. The association with
heat flux and beta is generally consistent with the whistler fan instability although there are intervals where the heat flux is significantly
lower than the instability limit. Strong scattering of strahl energy electrons is seen in association with the waves, providing evidence
that the waves regulate the electron heat flux.
Key words. Physical data and process:Instabilities, plasmas, waves,(Sun:) solar wind,Sun: heliosphere
1. Introduction
Determining which wave modes control the evolution of solar
wind electrons has long been of interest, from the early studies
of their properties, characterizing three populations – core, halo
and strahl (Feldman et al. 1975) . Observations indicated that
the pitch angle width of strahl was much broader at 1 AU than
would be expected due to the conservation of the magnetic mo-
ment. In addition to collisional scattering, various wave modes
were examined to see if they could provide the required scat-
tering. Early theoretical work was hampered by the lower time
resolution measurements of wave spectra obtained by spacecraft
in the solar wind. The development of waveform capture instru-
ments provided high time resolution full waveform data. Studies
utilizing STEREO waveform data near 1 AU revealed the pres-
ence of large amplitude, narrowband whistler-mode waves with
frequencies of ∼0.2 fce. The waves propagate at highly oblique
angles to the solar wind magnetic field with significant parallel
electric fields enabling strong interaction with solar wind elec-
trons without requiring the counter-propagation needed with par-
allel propagating waves. These waves are frequently observed,
most often in association with stream interaction regions, but
also within coronal mass ejections (Breneman et al. 2010; Cat-
tell et al. 2020a) and wave groups can be observed to last for
intervals of days.
Inside ∼0.2 AU, Parker Solar Probe data indicate that electro-
static waves at higher frequencies (∼0.7 to several times fce) may
be more common (Malaspina et al. 2020), particularly in regions
of quiet radial magnetic field. These waves include both elec-
tron Bernstein and electrostatic whistler-mode waves. The occur-
rence frequency decreases with distance from the Sun, consis-
tent with their absence in the STEREO waveform data at 1 AU.
Lower frequency sunward propagating whistler-mode waves are
also observed by Parker Solar Probe (Agapitov et al. 2020), pri-
marily in association with decreases in the magnetic field or the
rapid change in magnetic field orientation called ‘switchbacks’
or jets (Bale et al. 2019; Kasper et al. 2019).
The properties of the electron distributions have been char-
acterized inside ∼.2 AU by Parker Solar Probe (Halekas et al.
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2020a,b), between ∼.3AU and∼.75 AU by Helios, at 1 AU by
Wind and Cluster, and outside 1 AU by Ulysses (Maksimovic
et al. 2005; Štverák et al. 2009; Wilson III et al. 2019). Al-
though the radial dependence of the changes in the properties
of core, halo and strahl are consistent between these studies, the
specific mechanisms that provide the scattering and energization
have not been definitely identified. To understand the role the
observed narrow-band whistler-mode waves play in modifying
the electron distributions and regulating heat flux, it is impor-
tant to determine how their occurrence and properties depend on
distance from the Sun.
In this report, we describe comparisons of narrowband
whistler-mode waves observed in the waveform data obtained
by Parker Solar Probe from Encounters 1 through 4, and by
STEREO. Section 2 presents the data sets and methodology. Ex-
ample waveforms and statistical results on the waves are dis-
cussed in Section 3. Conclusions and possible consequences for
solar wind evolution are presented in Section 4.
2. Data sets and methodology
We utilize the Level 2 waveform capture data obtained during
the first four solar encounters by the Parker Solar Probe Fields
Suite (Bale et al. 2016). The details of the waveform capture in-
strument are described by Malaspina et al. (2016). During the
first encounter, 3 components of the magnetic field using the
search coil instrument were obtained, enabling determination
of the wave vector direction. Subsequent encounters obtained
2 components. Although 3 components of the electric field are
transmitted, we utilize primarily the 2 components in the plane
perpendicular to the spacecraft-Sun line obtained by the longer
antennas. The waveform data utilized in this study were ob-
tained for ∼3.5 s intervals at ∼150 ksamples/s. As implemented
on STEREO, the highest quality (usually defined by amplitude)
captures are stored and transmitted. Note that in the first three en-
counters dust impacts often triggered the quality flag. For later
encounters, software modifications reduced the number of dust
triggers. The wave amplitudes obtained from the first three en-
counters are therefore, on average, smaller than those from the
fourth. We also utilize one electric field and one magnetic field
channel in the DC coupled spectral data, which is obtained at a
rate of 1 spectra / 64 Cy, where 1Cy = 0.873813 s, over a fre-
quency range of ∼10 Hz to 4.8 kHz (Malaspina et al. 2016). The
spectra are ∼30 s averages.
The electron parameters were obtained from the Parker So-
lar Probe Solar Wind Electrons Alphas and Protons Investigation
(SWEAP) (Kasper et al. 2016) Solar Probe Analyzers (SPAN-A-
E and SPAN-B-E) (Whittlesey et al. 2020). We utilize electron
temperature, temperature anisotropy, heat flux and density mo-
ments and the pitch angle distributions for energies from 2 to
2000 eV, covering core, halo and strahl (Halekas et al. 2020a,b).
The solar wind velocity was obtained from the Level 2 Solar
Probe Cup (SPC) moments (Case et al. 2020). The solar wind
density, and core and suprathermal electron temperatures were
obtained from the Fields Quasi-thermal Noise (QTN) data (Mon-
cuquet et al. 2020).
3. Waveform examples and statistics
Figure 1 presents an overview of an interval on Novem-
ber 3, 2018 that included 9 waveform captures with nar-
rowband whistlers, as well as higher frequency electrostatic
waves. The top two panels, which plot the DC-coupled elec-
tric field magnetic field spectra from 30 to 3000 Hz, clearly
shows the distinction between the higher frequency electrostatic
whistlers/Bernstein waves discussed by Bale et al. (2019) and
Malaspina et al. (2020) and the narrowband whistlers that are
the focus of this letter. Examples of the higher frequency elec-
trostatic waves are at ∼1615 to 1715 UT on 11-2-2020, and in-
termittently between ∼03 and 05 UT on 11-3-2020, as well as
for shorter intervals on both days. Examples of the narrowband
electromagnetic whistlers can been seen in both spectra at ∼1700
to 1740 UT on11-2-2020, between ∼09 and 11 UT and ∼1430 to
15 UT on 11-3-2020, as well as intermittently throughout both
days. The third and fourth panels show the pitch angle spectra
for electrons with center energy of 314 and 204 eV, providing
clear evidence for the ability of these narrow band whistlers to
scatter electrons in this energy range. During the intervals with
whistlers, seen in the electric and magnetic field spectra, there
is very significant broadening of the pitch angle distributions of
electrons centered around 314 eV and 204 eV. This feature is
most clearly seen around 1230 and 1800 on 2-11-2020, and ∼930
to 1030 and ∼13 to ∼15 on 3-11-2020. A detailed discussion of
the scattering and specifics of the resonant mechanisms are pre-
sented in Cattell et al. (2020b). The fifth and sixth panels plot the
proton plasma velocity in RTN coordinates, and magnetic field
in RTN coordinates. As described in Malaspina et al. (2020), the
high frequency electrostatic waves occur primarily in quiet radial
magnetic field. The narrowband whistlers occur primarily within
regions of faster flow and more variable magnetic field regions,
at times within structures called ‘magnetic switchbacks’ or ‘jets’
Bale et al. (2019); Kasper et al. (2019).
One component of the electric field waveforms for seven of
the waveform captures containing narrowband whistlers is plot-
ted in the bottom set of panels. #1 plots 1 s of a waveform
captured at 12:29:20 UT on 02-11-2020, showing an interval
of high frequency Bernstein waves followed by whistlers. The
rest of the waveforms were observed on 03-11-2020: #2 shows
0.5 s of a whistler waveform at 10:19:15 UT; #3 plots 0.8 s of
a whistler at 10:34:18 UT; #4 plots the entire 3.5 s capture at
10:43:47 UT to show the packet modulations, and #5 shows the
zoomed in 0.2 s waveform centered on the maximum amplitude;
#6, #7 and #8 plot .2s intervals at 13:49:45 UT, when higher
frequency waves were superimposed on a whistler, at 14:20:26
UT, and at 14:26:11 UT. These examples show the narrowband
coherent nature of the whistler waveforms, as well as the usual
duration of individual sub-packets, and the amplitude modula-
tion. In the statistic presented below, an event is defined as a 3.5
s wave capture that contains at least one whistler wave packet.
As these examples show (particularly #3 and #4), an event fre-
quently contains more than one wave packet. Examination of the
magnetic field hodograms (not shown) indicates that the waves
are right-hand polarized, as expected for whistler-mode waves.
The total number of waveform captures containing narrow-
band whistlers versus radial distance is plotted in Figure 2, color
coded by encounter number. For the set of events identified in
Encounter 1, when 3 components of the search coil data were
obtained, the wave vector direction with respect to the back-
ground magnetic field and the solar wind velocity was deter-
mined using minimum variance analysis. The wave vector angle
with respect to the magnetic field is plotted in Figure 3 for these
events. Although the average angle is very similar to that at 1
AU (Cattell et al. 2020a), the distribution is broader and extends
to lower angles. Most of the observed waves are obliquely prop-
agating near the resonance cone, with approximately half propa-
gating sunward and half anti-sunward. Note that there was a very
small number of encounter 1 events compared to the STEREO
database for wave angle determination.
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Fig. 1. Interval during Encounter 1 with narrow band whistler-mode
waves and higher frequency electrostatic waves. Top panels: DC-
coupled electric field spectrum from 30 to 3000 Hz; DC-coupled mag-
netic field from 30 to 3000 Hz; Pitch angle spectra for electrons with
center energy of 314 and 204 eV; Proton plasma velocity in RTN coordi-
nates, and magnetic field in RTN coordinates. Units for the wave spectra
are V2/Hz and nT2/Hz, and for the electron data are eV/cm2s. Bottom
panels: Electric field (in mV/m) snapshots from seven different wave-
form captures during this interval at approximate times indicated by
triangles. Note that the time durations vary. See text for details.
 
 
  
Figure 2. Number of 
narrowband whistler wave 
captures color coded by 
encounter number 
Figure 3. Wave vectors for 
narrowband whistler wave 
captures for Encounter 1. 
 
Figure 4. Spacecraft frame frequencies for narrowband whistler wave 
captures color coded by encounter. Left: Number of events versus 
frequency and frequency normalized by electron cyclotron frequency; 
right: Event frequency and frequency normalized by electron 
cyclotron frequency versus radial distance from the Sun. 
Fig. 2. Number of narrowband whistler wave captures color coded by
encounter number.
Statistics of the properties for the waves identified in the first
4 encounters are shown in Figures 4 and 5. Figure 4 plots the
spacecraft frame frequencies at peak power, color coded by en-
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Fig. 3. Wave vectors for narrowband whistler wave captures for En-
counter 1.
counter. The left-hand panels plot the number of events versus
wave frequency, f, and the number of events versus frequency
normalized by electron cyclotron frequency (f/ fce); the right-
hand panels plot f and f/ fce versus radial distance from the Sun.
There is not a clear radial dependence of the wave frequency in
the spacecraft frame. The normalized frequency, f/ fce, has a ten-
dency to increase with distance from the Sun, consistent with
the higher average f/ fce of ∼0.2 observed in the STEREO data
at 1 AU. This radial dependence of f/ fce may provide informa-
tion on the instability mechanism and associated changes in heat
flux and beta with radial distance. In contrast to the case at 1
AU, where Breneman et al. (2010) showed that Doppler shifts
were insignificant, there are sometimes significant Doppler shifts
in the waves observed by PSP. For the Encounter 1 events, for
which the shifts could be determined, the shifts increased the av-
erage f/ fce only slightly to ∼0.1. The lower frequency whistlers
described by Agapitov et al. (2020), utilizing the lower sam-
ple rate fields data set, had significantly larger relative Doppler
shifts. Further studies including data from other encounters will
be required to address this difference.
The wave amplitudes, determined from the peak amplitude
in each event, are plotted in Figure 5, color coded by encounter.
The left panels show the number of whistler captures versus am-
plitude of the wave electric field, amplitude of the wave mag-
netic field and of the wave magnetic field normalized by back-
ground magnetic field (δBw/B0) where δBw is the magnitude of
the wave magnetic field. The right panels show the radial de-
pendence of these amplitudes. There is a clear decrease in wave
amplitudes with radial distance from the Sun, although the de-
crease in(δBw/B0) is not as strong. Although PSP sees a decrease
in the electric field amplitudes with radial distance, the average
amplitudes are only slightly larger than those observed at 1 AU
by STEREO. As noted in Section 2, the amplitudes for the first
three encounter are on average lower than for encounter 4, be-
cause most of the waveform captures were triggered by dust until
the algorithm was modified. For this reason, many of the inter-
vals with whistlers occurred in dust-triggered events rather than
ones triggered by wave amplitude. Data from additional encoun-
ters will be required to determine if the observed amplitude dif-
ferences between PSP and STEREO are due to differences in the
waveform capture selection criteria or to physics associated with
wave growth and saturation. Note that STEREO did not have a
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Fig. 4. Spacecraft frame frequencies for narrowband whistler wave captures color coded by encounter. Left: Number of events versus frequency
and freq ency normalized by electron cyclotron frequency. Right: Event frequency and frequency normalized by electron cyclotron frequency
versus radial distance from the Sun.
search coil magnetometer so wave magnetic fields were not di-
rectly measured.
The association of the whistler events with electron parame-
ters is shown in Figure 6. For almost all events, the ratio of the
electron cyclotron frequency to the electron plasma frequency
(not shown)is <0.01. The left hand panels plot the number of
events versus core electron density, core and suprathermal elec-
tron temperature, and the right panels plot these quantities ver-
sus radial distance from the Sun. These comparisons, which are
restricted to events with narrowband whistler waves, exhibit in-
teresting differences from the results for all intervals during the
encounters 1 and 2 presented by Moncuquet et al. (2020). Their
results show that the core electron temperature decreases with ra-
dial distance, and the suprathermal temperature was almost con-
stant. For intervals with the waves, we see a slight increase in
the core temperature, possibly indicating heating of core elec-
trons by the waves, and a slight decrease in the suprathermal
temperature. Note that our statistics are small and the observed
variability at a given radial distance are as large as the average
change with radial distance.
Possible instability mechanisms are examined in Figure 7.
The top left panel shows temperature anisotropy versus paral-
lel electron beta. The upper red line is the whistler temperature
anisotropy threshold, Te⊥Te‖ = 1+0.27/βe‖
0.57 and the lower red line
is an arbitrary firehose instability (both from Lacombe et al.
(2014), based on Gary et al. (1999)). The upper right panel
plots the normalized electron heat flux versus parallel beta, with
the linear instability threshold for the heat flux fan instability
(Vasko et al. 2019, for the parameters of 0.5 and 1 in their Ta-
ble 1). The most striking feature is that the waves occur when
beta>1. Halekas et al. (2020a) showed that during encounters
1 and 2 inside 0.24 AU, beta was usually <1. This association
of narrowband whistler waves with beta >1 was also seen in the
STEREO data set at 1 AU. The wave occurrence is constrained
by both the whistler temperature anisotropy threshold and the
heat flux fan instability threshold, as was also the case at 1 AU
(Cattell et al. 2020a). However the temperature anisotropy desta-
bilizes parallel propagating waves, which is not consistent with
the observed properties for most of the wave events for which the
wave vector direction could be determined. We conclude, there-
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Fig. 5. Whistler peak amplitudes color coded by encounter. Left panels: Number of whistler captures versus amplitude of electric field, magnetic
field and magnetic field normalized by background magnetic field. Right panels: Event amplitude of electric field, magnetic field and magnetic
field normalized by background magnetic field versus radial distance from the Sun.
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  Fig. 6. Whistler dependence on core density, core and suprathermal temperature (from the QTN measurement). Left panels plot the number ofevents versus core electron density, core and suprathermal temperature. Right panels plot the same quantities versus radial distance from the Sun.
fore, that the waves are most likely driven by the fan instability.
This is consistent with the study of the electron heat flux and
beta for all intervals inside 0.25 AU in the first five encounters
by Halekas et al. (2020b), and with the conclusion of Agapitov
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et al. (2020) for a set of events in encounter 1. Note, however,
that there are a number of cases with large electron beta where
the normalized heat flux is more than an order of magnitude be-
low the fan instability threshold. This was also the case for the
STEREO events at 1 AU, but neither the electron beta nor the
normalized heat flux were as accurately determined due to in-
strument limitations.
The bottom panel in Figure 7 plots the energy associated with
the electron Alfven speed for the whistler events for compari-
son to the electron beam driven instability proposed by (Sauer &
Sydora 2010). This mechanism which generates highly oblique
waves requires electron beams that propagate at speeds greater
than twice the electron Alfven speed. The energy associated with
the Alfven speed is very low for the whistler events, ∼5 to 12 eV;
thus this mechanism would require beams with energies of ∼25
to 50 eV. This is an order of magnitude lower than would be re-
quired for the mechanism to operate at 1 AU. We have not yet
been able to identify beam features at the appropriate energies in
either study.
To better assess the occurrence probability of these waves
we utilized one electric field and one magnetic field channel in
the DC coupled spectral data, at 30 s resolution. We examined
by eye the spectral data for each hour during the first encounter
interval shown in Figure 1, which covers 31 hours on 02-11 and
03-11, 2020. This is a very crude estimate of occurrence rate, as
it depends on the setting of the color bar and on the wave fre-
quencies, as well as on the averaging for the spectral data. On
average, for this interval, the whistlers occurred ∼30% of the
time, and the higher frequency electrostatic Bernstein/whistlers
occurred ∼13% of the time. There are times when both occurred
simultaneously (within the 30 s window), as was also observed in
the waveforms. Usually one mode was predominant, for exam-
ple, the higher frequency waves from ∼16-17 UT on 02-11-2020,
and ∼4-5 UT, ∼7-8 UT, 16-17 and 18-19 UT on 03-11-2020.
4. Discussion and conclusions
We have compared statistics on the properties of the narrow-
band whistler-mode waves observed by Parker Solar Probe dur-
ing the first four encounters inside ∼0.24 AU, to properties ob-
served by STEREO at 1 AU. At both radial distances, the waves
are narrowband, large amplitude, usually propagating obliquely
near the resonance cone. The association with heat flux and beta
is generally consistent with the whistler fan instability although
there are intervals where the heat flux is significantly lower than
the instability limit. The PSP electron data show significant scat-
tering at strahl energies, as documented in detail by Cattell et al.
(2020b). This is consistent with a study of electron heat flux
(Halekas et al. 2020b), which showed that the heat flux beta de-
pendence was constrained by the fan instability threshold, pro-
viding evidence that these waves regulate the electron heat flux.
There are two main differences between the wave charac-
teristics inside 0.2 AU and the waves at 1 AU: (1) the associ-
ation with larger scale solar wind properties and structure; and
(2) the occurrence of a broader band less coherent mode at 1
AU that has not been identified in PSP waveform data. In addi-
tion, inside 0.2 AU the narrowband electromagnetic whistlers are
interspersed with lower amplitude electrostatic whistler-mode
waves and Bernstein waves at frequencies of ∼0.7 fce to > fce
(Malaspina et al. 2020; Bale et al. 2019), which have not been
observed at 1 AU in the STEREO waveform data.
At 1 AU, the whistlers are most often associated with stream
interactions regions, often filling the downstream region of in-
creased solar wind speed, and often variable magnetic field and
lower electron parallel beta. The waves are also seen within coro-
nal mass ejections (Cattell et al. 2020a). As shown in Figure 1,
inside ∼0.2 AU, the whistlers are associated with intervals of
variable background magnetic field and faster solar wind flow,
sometimes due to magnetic field switchbacks. This association
was previously described by Agapitov et al. (2020). The inter-
vals with narrowband whistlers can last for several hours, but
not for a day or more as seen at 1 AU. This is most likely due to
the much more variable solar wind conditions observed by PSP
close to the Sun. Future studies including data from additional
encounters will examine whether there is an association of the
whistlers with SIRs or CMEs inside ∼.2 AU.
Although the wave magnetic field amplitudes normalized to
the background magnetic field observed by PSP decrease with
radial distance from the Sun, the average electric field ampli-
tudes observed by STEREO at 1 AU are only slightly lower. This
may be due to the different selection criteria for burst data for the
two spacecraft or to differences in the physics. For example, the
waves may, on average, be more oblique at 1 AU or the wave
growth and saturation mechanisms may be different due to dif-
ferences in the solar wind.
Initial results on whistler-mode waves observed by Parker
Solar Probe and identified in the magnetic field data during the
first encounter were presented by Agapitov et al. (2020), utiliz-
ing the ∼300 samples/s waveform data. The observed waves had
large amplitudes (∼2 to 4 nT), propagated towards the sun, were
significantly Doppler shifted with plasma frame frequencies of
∼0.2 to 0.5 fce, and variable wave angles. We interpret these
waves as being the lower frequency component of the waves
described herein, although there are differences including av-
erage f/ fce that warrant additional studies for other encounters.
This will require developing a method to accurately determine
wave vector direction when only two components of the search
coil data are available, utilizing an approach similar to that used
on STEREO based on the three components of the electric field
waveform and the cold plasma dispersion relation.
A recent study of frequency bank spectral data from He-
lios (Jagarlamudi et al. 2020) presented statistics on waves with
spacecraft frame frequencies between ∼ flh and 0.5 fce, identi-
fied in search coil magnetic field at distances of 0.3 to 0.9 AU.
The observed spectral peaks were identified as whistler-mode
based on similarities to Lacombe et al. (2014), but polariza-
tion, wave vectors and Doppler shifts could not be determined.
The waves were observed almost exclusively in the slow solar
wind (<400 km/s) and in association with enhanced core and
halo temperature anisotropies. They proposed a feedback mech-
anism between the waves generated by the heat flux and thermal
anisotropy instabilities which scatter electrons to increase the
halo anisotropy. They show that the wave occurrence tends to
increase with radial distance, as do both the percentage of events
with core temperature and halo temperature anisotropies greater
than 1.
In conclusion, we have shown that narrowband whistler
mode waves observed in the PSP waveform capture data in-
side ∼.2 AU have many characteristics similar to those seen
by STEREO at 1 AU. In both regions the waves are primarily
obliquely propagating and consistent with the whistler heat flux
fan instability. The waves at 1 AU have slightly higher average
f/ fce and are on average more oblique, but both of these differ-
ences may be due to the small number of PSP events for which
we have determined wave angle and Doppler shifts. When there
are wave events, the radial dependence of the core and suprather-
mal temperatures is different from that seen for the full data
set, possibly indicating that the waves heat core electrons. At
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  Fig. 7. Comparison to possible instability mechanisms. Top left panel: temperature anisotropy versus parallel electron beta, upper red line is the
whistler temperature anisotropy threshold, = 1+0.27/ 0.57 and the lower red line is an arbitrary firehose instability (both from Lacombe et al. 2014,
based on Gary et al., 1999). Top right panel: Normalized electron heat flux vs parallel beta with the linear instability threshold from equation 5
(Vasko et al., 2019) for the parameters of .5 and 1 in their Table 1. Bottom: Electron Alfven energy.
PSP, the waves are often associated with variable magnetic field
and enhanced solar wind flow, sometimes with ‘switchback,’
whereas at 1 AU, the waves are most often seen in the down-
stream region of SIRs, also regions of enhanced flow. Inside ∼.2
AU, the waves tend to last for intervals of hours, whereas at 1
AU, they can last for days. It is very likely these differences are
due to the fact that the solar wind is much more variable on short
time scales at PSP compared to at 1 AU. A very rough estimate
of the wave occurrence at PSP suggests that the waves are of-
ten (∼30% of the time) the dominant wave mode at frequencies
below ∼3 kHz, and therefore, may play a significant role in the
evolution of solar wind electrons and regulation of heat flux.
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